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NATIONALADVISORYCOMMITTEEFOR AERONAUTICS

TECHNICALNOTENO.1063

COMPARISONOF MEASUREDAND CALCULATED

STRESSESTN 13UILT-UPBEAMS

By L. Ross Levin’and DavidH. Nelson

SIJMMARY

Web stressesand flangestressesweremeasured
in threebuilt-upbeams:one of constant-depth
with flangesof constantcrosssection,one linearly
taperedin depthwith flangesof constantcrosssection,
and one linearlytaperedin depthwith taperedflanges.
The measuredstresseswere comparedwith the calculated
stressesobtainedby themethodsoutlinedin orderto
determinethe degreeof accuracythatmay be expected
from the stress-analysisformulas. Thesecomparisons
indicatedthat the averagemeasuredstressesfor all
pointsin the centralsectionof the beams did not excee”d
the averagecalculatedstressesby more than5 percent.
It was alsoindicatedthatthe differencebetweenaverage.
measuredflangestressesand averagecalculatedfl~ge
stressesbasedon thenet area and a fullyeffectiveweb

. didnot exceed6.1 percent.

.—

-.

INTRODUCTION

In an effortto improve the accuracyand consistency
of strengthpredictionsof aircraftstructures,an
increasingtendencyhas been evidentin structural
engineeringto supplementstatictestswith strain
readings. The advent_of the electricalstraingagehas
acceleratedthis tendency. Becausethe aircraftstruc-
ture is quitecomplicatedand the locationof the* failurein a well-designedstructurecannotbe easily
determined,even a relativelylargenumberof gages
(severalhundred)may be justsufficientto placea few_. gageson each spotwherefailureis likelyto occur.
The situationis furthercomplicated-becausestructures
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builtup from sheetare not so uniformnor so consistent P
in the!rbehaviores, for example,beamsof solidcross

-.

section. The simpleformulasfor beamsof solidcrass
sectionconsequentlyarenot applicableto built-up m“
structures, The successfulinterpretationof strain
readingsoilairplanestructuresre.quires~therefore$
basicinformationon the consistencyof the behavicrof –
built-up-structures.Thisinfer’mtionmay be obtained
by multigagetestsof structuralelementssimpleenough
to permitvery completecover6ge. The testdata thus
obtainedmay be comparedwith the resultsobtainedby
stress-analysisformulas,such as thosepresentedin
references1, 2, and 3, to determinethe accuracywith
whichtheseformulasmay predictthe stirezsof built-”
up structures.

The presentpapergivesbasicdataon the stresses
obtainedforbuilt-upbeamsand tb.esemeasured~tresses
are comparedwith thosepredictedby s.tress-analysi.s
formulas. This informatl.onwas obtainedfrom strain
measurementson threethin-webbeams: one of canstant-
depthwith flangesof constantcrosssection,one
linearlytaperedin depthwithflangesof constant
crosssection,and.onelinearlytaperedin depth-with
flanxesof which t-hecrosssectionvariedat the same
rate-asthe deothof the beam.

AF

‘Fe

G

I

IT

cross-sectionalareaof flange(twoangles)normal
to centerllneof beam,squareinches

effectivecross-sectionalareaof flangesnormal
to centerlineof beam (flangearea plusone
sixthof web area), squareinches

Youngtsmodulusof.elasticity,ksi

verticalcomponenbof flangeforcein beamtapered
in depth,kips

shearmodulus,ksi

momentof Inertia,inches4
momentof inertiaof totaleffectivet

rosssection
of beam about’-neutralaxis,inches

-—

8
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momentof Inertiaof effec’ci.ve crosssectionof
flangesaboutneutralaxisof beam,inches4

totallengthof beam,Inches

bendingmoment,kip-inches

ratioof area of two flangesto areaof web (2A#ht)

load on ti~ of beam,kips

moment,aboutneutralaxis,of ares betweenextreme
fiberand fibera distance y fromneutralaxis,
inches5 --

externalshearforce,kips

e~fectivedepthof beam betweencentr~idsof flange3,
inches

thicknessof shearweb, inches

‘distancefrom tip of beam,inches

distanceof givenfiberfrom neutralaxisof beam,
inc”nes

taperangle,anglebetweencenterlineof bean and
linedefinedby centroidof flange

tensileor compressivestrain

normalstress“in”flangeat the angie a, ksi

averagenormalstressin flangeat angle a,
‘ksi

shearstressin web at distance y, ksi

averageshearstressin web at any station,ksi
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DZSCUSSION OF THEORIESFO~ EUILT-UPBEAMS

Web Stresses ., .

The shearstressesin the web of a beam of constant
depthat anydistance y from the.neutralaxis are
usuallycalculatedby the standard.formula

T
s‘a

= T-t (1)

The averageshearstressesin the web are.usually
calculatedby

T
s

av = h~ {2)

~o~,ulas(1) and (2)are not applicableto b6@ns
taperedin depth becausethe flangescarrysome shear .—
forcethat shouldnob be neglected. In r.efe”rence1 —
a jmethodof computingshearstressesin beamstaperedin
depthis outlined. The methodis besedon the equili-
briumequation

#

h+dh
●

.&

1“

2

/

2
M + dM~ytdx = I +dI ‘t-dy‘“

;yt dy (3)
Y Y

TINsmethodis merelyan extensionof the IlengineerlngIl
methodused in derivingformula(1).

—

The formulafor shearstressat a distance y f’rom
the neutralaxisof a beam linearlytaperedin depth
with flangesof constantcrosssectioncan be obtained “-”‘ “,
by Integratingequation(5) aS

●
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~=s[*+&(’#j
AF + ‘;

where S and M
on figure1,

5

,.

[

2AF2 z AF
M tan a _ _-@2(*+-)]++~+3 h

(4)

( )
2

AF+h~,

are positivein the directionsindi~ated—

The formulafor averageshear.st.ressin the web at
any station,derivedby inte~ratingformula.(~)from zero .. “_
to h/2 and dividingby h/2, tS .-

,-
S 2% tan u Alt

Tav ‘h~- h2t AF+~
(5)

Thisformulais frequentlyused to calculateshear
stressesbut is usuallyderivedin a differentway.
The totalshearforcein the web at any sectionis
usuallyassumedto be the totalexternalshearat that ___
sectionminus the verticalcomponentsof the flange
forcesat the same section,and the web is assumed
capableof resistingbending. The verticalforceIn
eachflangeis then

~=.MtanalF—.
h lT

(6) - ““

where I@ ~ is the ratioof the momentof inertiaof
both flangesaboutthe neutralaxisof the bear,to the
totalmomentof inertiaof the same sectionof the beam
abouttheneutralaxis. If the.momentof inertiaof the
flangesabouttheirown centroidis neglected$the

ratio 1F/lT reducesto ‘1?
hk and formula(6)becomes

AF +
-z-
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M tan aF=. h ‘F’
ht ““AF+—

. .6

* .-

(6a)
4

Thisequationis the form in whichthe expressionfor the
verticalcomqonentof the flangeforceoccursin
formula(5).

A formulaf~r the shearstressat a dist-antey
from the neutralaxisof a beam linearlytapered.in
depthwithflangesof whichthe crosssectionvariedat
the same rate as the denthmay alsobe derivedfYom

-.

equation(3). The shearstressin thistypeof beanis

,.

‘t (“+;) ‘2’(}’+*)
where N is the ratio~f the cross-sectionalareaof
both flanges,normal.t~the neutralaxisof the beam,
to the cross-sectionalareaof the web at the same
3ection. The formulafor the averageshearstre3s Tav
Is the samefor all types,of’beams. ~

In reference2 methodsof calculatingshearst-resses
are presentedthatare basetdon the sameequilibrium
equationas themethodsIn raference1. The Drccedures,
however,are slightlydifferentand in a particularcasa
one nmthodmay have some ad.vanta~sover the other. The
finalresultwill be the samewitheither.tnethoE.

IImethodsof references1 and2 areThe ~iengineering
applicableonly to beamswith smalltaperanglesbecause
theydo not considercowgati}~i.lityof dis~lacements
although‘theydo ensure equilibrium.Thesemethods
alsoassumethat the bendingstressIs proportionalt=
the.dis.tancefrom the neutralaxis of the beam and this
assumptf.on1s not satisfactoryfor le.rgetaperangles.

—

*.
.-

-,..

*

I
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A llclassicalllmethodof computingstresses.in beams
taperedin depthis presentedi.n reference3. The
engineeringmethodsand thisclassicalmethodagreef~r
smalltaperangles,and the classicqlmethodis applicable
to largeas well as to smallt3perangles. In reference3
are presentedsollltionsfor linearlytaperedbeamswith a
rectangularcrosssection,f’ora thinweb with concen-
tratedflangesof constantcrosssection,and for a thin
web with concentratedflangeswith the crosssection
variedet the ssmerate as the depthof the beam.

—
These

solutions,however,are usuallymuch more difficultthan
the engineeringsolutionsto the ,problem.The solution
for a thin web with concentratedflangesof constant
crosssectionis very laboriousfor smalltaperangles.

FlangeStresses

The axial stressesin the flangesof a built-up
beam of constantdepthare usuallycalculatedby the
standardformula

0=
Q
I (8)

The averageaxialstressesin the flanges(thestresses
at the flangecentroid.)areusuallycalculatedby

(9)

The effectiveflangearea AF can have a maximumvalue
equalto the grossareaof th~ flangep,lusone-sixthof
the web area.:In some casesit may be necessaryto use
a smallereffectivearea to takeinto accountthe rtvet
holesin theflangeand the possibleineffectivenessof
the web in bendin~.

.—...—

Fomulas (8) and (~) are alsoused to calculatethe
stressesin the flangesof taperedbeams;however,the
stressesobtainedfrom theseformulaswill not be axial
stressesin “tb.e“flanges.In orderto obtai”naxial
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stresses,the stressescalculatedby
shouldbe multipliedby ~,

2 The
cos a

NACA.TNNO, 1063

formulas(8) and (9)
formulafor axial

stressesat any distance y from the neutralaxisis
then

G
=IL!J 1

I 2Cos a
(10)

and the formulafor axialstress.at the centroidof the
flangeis

x 1
‘av = —T (11)

hAF cos a~

wherethe areaof the.flange ‘F is measurednormal to
tilecenterline of the.beam.

TESTS L- —

Specimens
,

Threestiffenedbuilt-upcantileverbeamsof 2!4S-T
aluminumalloywerebuiltand tested, One was a constant=
depthbeam with flangesof constantcrosssection, one
a beam linearlytaperedin de~thwithflangesof constant
crosssection,and one a beam linearlytaperedin depth
with flangeshavinga crosssectionthstvariedat the
samerate as the depthof the beam. The webs were
stiffenedwith anglesplacedback-to-backon opposite
sidesof’“theweb, For simplicityor construction~heweb
was fastenedto-theoutsideof the legs of the flange
anglesrath’erthan to the insl.de.Furtherdetailsof the
constructionand the actualdim.enslonsof the beams are
shownon figure2.

procedure

,

●

.-

1

.:,

.—
—

,—

-“

.

The rootof.eachbeam was bolte’dintoa steel
fixtureand the-compressionflarigewas supportedagainst
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lateralmotionat the tip and at the midpointof the span
as shownin figure3. A tip loadwas appliedon the
lowersideof the beam by a hydraulicjackrestingon a
platform.scale,whichwas accurateto *0.5 percent.
Strainsweremeasuredin most of the evennumberedbays
on the longitudinalcenterlineof the,beam?and alsoat
distancesequalto one-quarterand three-eighthsof the
effectivedepthon each sideof the centerlineexcePt
on the taperedbeamwith flangqsof constantcross
sectionwheremeasurementswere takenonlyat the center
lineand at a distanceequal to one-quarterof the
effectivedepthon each sideof the centerline. At
eachpoint,2-inch!?uckerm-anopticalstraingageswere
mountedin pairs on eachside of the web at angles
of 45° and 135° With the longitudinalcenterlineof
the beam. Figure3 showsa few gagesmountedat 45°
on the taperedbeamwith taperedflanges.

Axialstrainsin the flangesweremeaguredwith
2-inchTuckermanopticalstraingagesmountedon the_legs
of the angles.attachedto the web and on the outstandi%
legsof the angles. Strainswere not measuredon both
sidesof the attachedlegsof the flangeanglesbecause
the web coveredone side.

The loadwas appliedto eachbeam in threeequal
increments.If a straightline throughthe pointson the
load-strainplot for each gagedid not pass throughzero,
the curvewas shiftedto pass throughzero~however,if
thisshiftin strainwas more than20 x 10 6, the
measurementsat this pointwere repeated. Any measure-
ments thatdid not satisfytheseconditionsafterbeing
repeatedand thoroughlycheckedwere”not used.

Strainsmeasuredby pairsof gageson opposite
sidesof the sheetwere averagedand the averagestrains
for 45° and.135° wereused to computethe shearstresses
at 0°-and 90°-hy

Tn all calculations
and G was assumed

T= ‘; p(450)- ‘u350j (12)

—

E was assumedto be 10.6 x 105ksi .—
to be )_!..OX 103 ksi.
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P’ESULTSAND DISCUSSION

Web Stresses

‘-

.

The shearstressdistributionover thedeptlnof the
threebeamsis shownin figures~.,5, and 6 fo~ a tip
loadof 9 kips on the constatit-depthbeam and 6 ki.uson
each of the t~peredbeams. The shee”rstressesat%hese
loadswere slightlyless thanthe calculatedbuckling
9tTesses. The differencesbetweenmeasuredand calculated
snoarstressesare shownas percent@f-the”calculated
shearstressesin figure7 and a summaryof thesediff-
erences for the centralsectionof’the beams is &iven
in table1.. The calculatedshearstresses T and T v
shownon thesefigureswere.calculatedby formulas(1Y
and (2) for the constant-depth‘beam,by formulas(.!4)
and (5)fur the taperedbeam with constant-flangearea,
and by formu’las(~) and (7) for the taperedbeamwf.th
taperedflanges. .-

~ent~a”~sectiono-From a briefstudyof figuresJl,
~, an=ltis aoparefitthatat distsncesgreaterthan
one-halfthe root depthfrom eitb.erend of the beams
(baTs5 to 16)themeasuredshearstressesin the web
were slightlygreateron the compressionsideof each .
beam thanon thetension-side. @n the const$mt-de~.th
beam the fnclividualme”asuredshearstresseson tinetenston
side’ofthe beam werefrequentlyless then the calculated
stresses,but th~ measuredstresseson the compression
sidewereusually .gresterthari;thecalculatedstresses.
on.the otherbeamsthe individualmeasuredstresseswere
almostalways”greaterthan the calculate-dshearstresses,

TableI showsthatthe averagemeasuredstressfor
all ?ointsin the‘centralsectionof any.pf the three
beamsdfl,d”notexceedthe averageof the calculated
valuesof’ Tav by more than5.5percent‘anddid not
exceedthe .averag.eof the calculatedvaluesof ‘r by
more thanLI.7percent. The indi-vidualmeasuredstresses
variedfrom5.6iper.centlessthan T t-o23.3percent
more than “T. In the cent?$alsectionof all threebearls~
however,therewere only two pointswherethemeasured
stressesexceeded T“ by more tiianlb percent. Thf3se
pointswere in bay 16,,about one-halfthe rootdepth
awayfrom the rootof the beam.

.-

.—

.-

.

..:

1
,;

I

. -.

.

.—

i
I

1
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Furtherstudyof figure7 showsthatthe maximm
differencesbetweenthe calculated T and the calcu-
lated T at any pointon the.constant-d.epthbeamwere
aporecie~~e(about7 percent)but on the ta~eredbeam
theti.aximutrflifferencesbetweezthe calculatedvalues-
or T and ‘av were smaller(about1.5percent). l\Tear .-
the r~ot,where the proportionsof t~.ebeamswere very
nearlythe se~e, the calculatedshear-stressvariation
over thec%eptb-of tb-etaperedbeamswas much less than
thatover the,depthO? the co-nstant-depthbean. It
would?>eposs’ible,however,to have taperedbeamsof
whichthe nronortions~ere such thatthe differences
betweenthe calculatedvaluesof T and ‘av would
be much greaterthanin the presentbesms.-

Foot sectiono-It is obviousfrom a studyof fig-
ures ~~, and 6 that~or bay 18 in allbeams tested,
stressescalculatedby the properequationsfor T
or Tav on.the basisof the assumptionthatthe fl&ge “-
forceacted alongthe centrotdwere not satisfactory.

The outstandinglegs of the flan~eswere cut off
approximately2 inchesnearerthe root than the center
lineof bay 18 and a steelplatewas attachedto one ‘
side of the flangeanglesfram bay 17 to the root to
reinforcethis.section. ‘Theboltsth~t attachedthe
flangesto the.rootfixturewere betweenthe center
line~ofthe flsnge-.andthe ort.ginallocati~nof the.
flange,centroid.It was sssumed,therefore,that the
flange.forceactedalon~a line extendingfro:ztlie
interseottonof tke ori~inalfla.n~ecentroidwith the
centerline of bay-1~to thecenterof the ~oot attach-
ment bolts. ?lhis:assumtiongave a taperangleof );.O

Pinsteadof 7°12?end 7°;.11on”thetaperedbeamsand of
-4°insteadof 0° on Tn.bay 1:the scv.stant-depthbeam...
the calculatedshearstressesbasedon tlii~.assumptiori
weremore satisfactorythan the calculatedshearstresses
basedon the.assurn~tionthat the flangeforceactedalong
the orj.ginalc?ntroidof the flange(figs.“~,5, 6, and7).
The maximummeasuredstressin bay 18 of the tapered
beamsis about 1 to-2percentigreaterthan the shear .
stressescalculatedon the basisof a changein the taper
anglea.tthatsection,but themeasuredshearstresses
in bay 18 of the constant-depthbeam fall abouthalf way
betweenthe two calculatedcurves. ‘ , ..A.-

.,
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Tip section.- If a colu?nhas a load appliedonly
.

at one end and a shearweb attachedto i.talongone side,
themaximumdisplacementoccursat the loadedend. The
shearstrainand shearst,re.ssi,nthe web att~chedto it,

.

therefore,are highestat the loadedend of the column,
Thisconditionis the one ,thatmcurredat the end uprights
of the beamstestedfor the presentinvest-igation.~f~- .—
ures ~, ~, and 6 show thatthe shearstressesin bay 2

.

werehighestat _th@loadedend-pf_the uprl@t. .The~gimm _
meesuredstresswas nevermore tim 1 percent–greatrer.
than themaximumcalculated‘s-tre~s.Zhe.disliriWt~oti-of
shearstressesin theweb near the loaded-enduprightis
probablyone of the laportantfactors.affectingthe.
strengthof the lo~ded-endu#ri&&t. —

FlangeStresses

Thedistributionof measlmedand calculatedaxial
flangestressesfor the threebe~ns testedare shownon
f’igure38, $, and 10; Stresseswere calculatedby
formulas(8) and ($)’for the constant-depthbeam and by
formulas(10)and (11)for tt~taperedbeaws. ~~g~
stresseswere calculatedfor a fullyeffectiveweb for
both thenet area &zndthe grossarea. In orderto obtain
an averagevalueoflmeasuredstressat eaahsection,a
straightline-wasdrawn throughthe t~atpointsand the
stressat the intersectionof this linewith the centroid
of the flangewas’takenas the aver~gemeasuredstress
in the flem.pe.TableI gives the averagedifference
betweenthemeasuredand calculatedstressesat the
centroidand the rangeof variationbetweenmeasuredand
calculated.stressesin the extremefiberfor all points
in the centralsectionof each ~eam.

#—

.

-,

Centralsection.-At a few sectionsin the constant-
depthbeam the measuredaxialflsngestresseswerenearly
constantoverthe depthof the flange,but-at other
sectionsof thisbeam and in the taperedbeams the
stresses were not-constantover the depthof ths flange.
Figure10 sho”wsthatthemeAsuredstressesin the tapered .
beamwith ta~oredflangesaveragedlessthan the calcu-
latedstressesfor the net arearr.da fu~lyeffective
web,hut the everageweasuredstressestn the other .
“beams(figs.8 and 9) appearto have beenslightlygreater
thanthe calculatedstressesforthe ne~area and a fully .
effectiveweb. The average differencebetweenmeasured

‘1

iI
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.

. .

~langestressesam?.calculate~..flar~~,estressesdid not
exceed6.1 nercentwhen the calc~lati~nswere basedan
the net areaand a full~e:fectiveweb (tableI). The
measuredstresses:n the extremetitiervariedfrcm
8.3 nercentless then the calculatedextremefiber
stressesto 8.8 ~ercentmora thanthe calculatedextrer.e
JOi-!erstresses.

~gures 8, ~, and 10 showalso the averagecalcu-
latedstressesbased on the grossarea and a fully
effectiveweb. Vor all ~ec,tionson the constant-depth
hem and:the taperedbeamwith flar<esof constant
crosssection,the calculatedstressesEasedon the
grossareav:ereaboutj -percentless than_t-nosebased
On the net area. Tn t~keta~eredbeam with tapered
f’19n~esthe.stressesbaGed~n the <rossareawer3
from,5 to~ ~er~ent1~~~tk,anthosebasedon the net
area. C?nthe”compression.flangeof_the_,constant-depth”
beam,calculatedstressesbas.bdon the assumptionthat
the web was effectiveonly on the tens,ionsideof tb~e
beam wouldhave been about19 percentgreaterthan the
calculatedstressesb~sedon tlheassumptionthattk~eweb
was fullyeffective;on the tensionflangethe difference
wouldhave ‘oeeno~n.ly“1Percant.

. .—- . —

.—

- .—-

Root em.dti~ s5ctiong.-W.e me~ured flangestresses,
In bays,..2md ILof’tke te~eredbeavsvariedf’ro.mless
thanone-halfthe celcul~.tedflangestressesto more
th~.ntwo tiresthe calculatedflangestresses(f?.~s.“~
and 10), The measuredstressat one pointin bay 5 of

-.

the constant-de~thbeam.was about.25percent.grenter
thenthe.calculatedstress. Theselargevariations, “--- _-
however,~re of llttlepractical-importancebecause
the stressesat thesesectianswere mall as comp~red
with thoseat other pofntsin t.lnebesm. ‘Inbay ltiof
bath teueredbeamsthe variationof measuredstresses
acrossthe depthof the flangewas much greaterthan
in the centralsectionof the beam. The measured
extreme-fiberstresseswere from15 to 30 percent

.-

greaterthan the calculatedstresses:
.

Tt is very
difficultto calc~lateflanSestressesnear the root
of any beam becausethesestressesdependto a lar~e
extentupon thedetailsof the connections. .-
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CONCLUSIONS .-

Threethin-s@bbuilt-upbeams,one of constantdepth 4
with fl~r,gesof constantcr~sssection,one with sli~>t
lineart:.perin depthwith flengesof constantcross
section,and one with slightlinear taper in depthv-lth._
flangesof wh~ck the crosssectionvariedat the same
rate as the deathof the beamwere testedat suchloeds
thatthe web shearstresseswere sllghtlyless thanthe
calculatedbucklingstresses. Comparisonsof.measured
shearstresseswith calculatedshearstressesjndicatid

.—

that the averagemeasuredshearstressesfor allpoints
in the centralsectionof th~ beamdid not exceedthe
averagecalculatedshear”stressesby more than about
5 percent. The individualmeasure”dshearstressesvaried-
from about6 ~ercentless than the calculatedshear
stressesb about25 percentmore than the calcul~ted
shearstresses,but thereware only two pointsin all
three”beanswherethemeasuredstressesexceededthe
calculatedstressesby more than15 percent. ‘l!he3e
points wer6 at a stationaboutone-halfthe root~je~~n
away ~rom the rootof the beam,

Comparisonof.measuredfla~e stresseswith calcu-
latedflangestressesbaseson the net areaand & fully
effectiveweb“shcwedthatthe differencebetweenavera~e
measuredstressand aver~ge,calculatedstressin the
centralsectlor~of.any of ths beamsdid riotexceed
6.1 :>ercont,

#
The Individualmeasuredstressesin the --

-extreme”f’ibervariedfromabout8 percentlessthan —
calculatedt.~about9 percent,more than calculated.

La.n@eyMemorialAeronauticalLaboratory
NationalAdvisoryCommitteefor Aeronautics

LangleyWeld.,17s,,January21, 19~.6

.
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